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A B S T R A C T

The Indo-Gangetic Plain (IGP) is one of the main wheat-production regions in India and the world. With climate

change, wheat yields in this region will be affected through changes in temperature and precipitation and

decreased water availability for irrigation, raising major concerns for national and international food security.

Here we use a regional climate model and a crop model to better understand the direct (via changes in tem-

perature and precipitation) and indirect (via a decrease in irrigation availability) impacts of climate change on

wheat yields at four sites spread across different states of the IGP: Punjab, Haryana, Uttar Pradesh and Bihar. The

results show an increase in mean temperature and precipitation as well as maximum temperature during the

growing season or Rabi season (November–April). The direct impact of climate change, via changes in temper-

ature and precipitation, leads to wheat yield losses between �1% and �8% depending on the site examined. Then,

the indirect impact of climate change is examined, considering the impact of climate change on water availability

leading to a decrease in irrigation. In this case, the yield losses become significant and much higher, reaching

�4% to �36% depending on the site examined and the irrigation regime chosen (6, 5, 3 or 1 irrigations). This

work shows that the indirect impacts of climate change may be more detrimental than the direct climatic effects

for the future wheat yields in the IGP. It also emphasizes the complexity of climatic risk and the necessity of

integrating indirect impacts of climate change to fully assess how it affects agriculture and choose the adequate

adaptation response.

1. Introduction

Wheat plays a critical role for national food security in India but also

globally as it is the second largest producer in the World, contributing to

13% of the global wheat supply (Zaveri and Lobell [49]). With temper-

atures very likely to rise in the coming years, a fall in yield is likely for

many wheat-production regions in the World [3] and has been projected

for several countries such as Egypt [1], Iran [37], Russia and India [50].

Here, we focus on the Indo-Gangetic Plain (IGP), which includes India’s

major wheat-producing regions: Uttar Pradesh, Punjab and Harayana.

The predominant position of the IGP is the result of agricultural policies

taken during the Green Revolution in the 1960s and 1970s, enabling rice

and wheat to emerge as major crops for this region [24]. However, as

Sekar and Pal [41] showed, wheat and rice productivity growth has

already decelerated over the last decades, raising major concerns for

national and international food security. In this context, appropriate

adaptation responses might be necessary, it is therefore important to

better understand how wheat yield production is changing and how it

could be affected by additional stresses resulting from climate change in

the future.

Prior work using single models or multi-model ensembles such as the

Climate Model Intercomparison Project Phase 5 (CMIP5) or the Coordi-

nated Regional Climate Downscaling EXperiment (CORDEX) have shown

that, with climate change, mean and extreme temperatures will increase
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in the IGP in the future [9,10,39,47]. The most pessimistic projections

show an increase in mean temperature up to over 6� by 2080 compared

to present-day [9]. For mean and extreme precipitation, the projections

are more heterogeneous, both for the amplitude and the sign of the

change. Chaturvedi et al. [10] looked at different projections and sce-

narios in CMIP5 models and showed a multi-model mean increase in

precipitation in the IGP, of around 10% for the RCP8.5 scenario by 2030s

and 20% by 2080s. Bal et al. [7] found similar results with a regional

climate model. In addition, several studies have shown a potential for

heavier precipitation events [10,11] and drought [35] over India.

Previous studies have also investigated the impact of climate change

on wheat yield in India showing a wide range of results depending on the

stresses considered. To quantify the impact on crop productivity by both

direct climate parameters like temperature and precipitation changes, as

well as the indirect effects by alterations in management such as irriga-

tion, crop models are very useful. Here, we used the Decision Support

System for Agro-technology Transfer (DSSAT) modelling system, which

has been applied over different regions for a wide variety of crops

[19–21] as crop models are frequently applied to predict crop growth and

development in response to water availability, soil characteristics,

management, crop varieties and climate [e.g. 4, 6, 15, 22, 38, 45]. Over

India, Attri and Rathore [4] examined the impact of changes in tem-

perature and CO2 in North-West India and found a potential wheat yield

enhancement, up to þ37% under rainfed conditions and þ28% under

irrigated conditions by the middle of the century. They also suggested

that, when reaching a temperature increase beyond 3 �C, the increase in

temperature would cancel the impact of enhanced CO2. Under equivalent

conditions Lal et al. [26] found similar results in North West India with

an increase in wheat yield up to þ21%. Additionally, they found that

under a shortage in water conditions, a decline in wheat yield would be

observed. Kumar et al. [23] recently looked at the impact of changes in

temperature and rainfall in India and also projected a wheat yield

reduction, up to�25% by 2080. Lobell et al. [29] focused on the IGP and

on extreme heat effects on wheat senescence, they also reported a po-

tential reduction of up to �20% in certain pockets of the region. Zhao

et al. [50] realized a global study on the impact of climate change on four

crops including wheat. In India, all the models predict a decrease in

wheat yield, up to �15% by 2100 for the most pessimistic model. This

wide spread of estimates shows that there still exists considerable un-

certainty regarding the effects of climate change on the future crop

production in this region, and one major source of uncertainty is related

to effects of future changes in precipitation.

Several countries or regions count on irrigation as an adaptation

response for a shortage in water due to the impacts of climate change. For

example, in China Lv et al. [31] looked at the impact of climate change on

regional winter wheat production regions and showed that under rainfed

conditions, some regions show a decrease, while under full-irrigation

conditions yields are expected to increase almost everywhere. In arid

regions where spring wheat is growing, Ding et al. [12] have also seen a

drastic decline in wheat under climate change and a deficit in irrigation.

To mitigate the effect of temperature or the lack of precipitation on crop

yield, farmers in the IGP already widely use irrigation [49], and as much

as 85% of the wheat land area is irrigated [23]. The development of

irrigation systems is a key measure taken during the green revolution to

enable wheat cropping during the dry Rabi season [15], however the

quality of irrigation may differ depending on the part of the region

examined [5]. Looking at historical data, Zaveri and Lobell [49] have

shown that there are already a lot of constraints on irrigation in India,

limiting the potential for yield gains in the face of additional warming. In

the future, the irrigation potential could be even more limited by the

adverse effects of climate change on rain, snow and glaciers. An increase

in annual runoff has been suggested by Gosain et al. [17] and Lutz et al.

[30] for the Ganges and Indus river basins respectively, however as it

might not happen during the growing season both studies predict a po-

tential limitation in water availability and therefore restrictions on irri-

gation. This indirect climate impact on crop production is an important

aspect often overlooked in climate impact studies.

Most climate projections in the literature rely on climate models with

coarse spatial resolution (>50km). To better assess the impact of climate

change on crop yields, there is a need for climate simulations at higher

spatial resolutions. In this study, we produce and analyze higher reso-

lution climate model simulations (15 km� 15 km) to investigate future

changes in temperature and precipitation during the different growing

stages of wheat for the Rabi season in the IGP. Then, these data are

incorporated into a crop model to investigate how climate change,

through changes in temperature and precipitation, could affect wheat

yields in this region. Most of the studies looking at the impact of climate

change on wheat yield in India are focusing on the direct impact of

climate change (via temperature, precipitation or CO2). While this aspect

is important and also under consideration in this work, some have argued

that there is also a need for more complex studies [25]. Here, in addition

to the direct impact of climate change, we will also consider an indirect

impact through changes in the water availability for irrigation. In the

next section, the climate and the crop models are described. Section 3

shows future changes in temperature and precipitation. The direct and

indirect impacts of climate change on wheat yield are examined in Sec-

tions 4 and 5. Finally, the last section discusses the results and gives some

concluding remarks.

2. Data and methodology

2.1. Study area

The Indo-Gangetic Plain (IGP), shown in Fig. 1, is the main wheat

production zone in India [36] and in the World [13]. This fertile plain is

named after the Indus and Ganges rivers that pass on this region and

encompasses northern regions of the Indian subcontinent. In the IGP,

wheat is typically sown in autumn, between mid-November (north-west

India) and mid-December (central India), and harvested in spring, late

March to mid-April. This period defines one of the growing seasons, also

called Rabi season. According to the Institute of Agriculture (BHU)

different types of wheat are cultivated in this region, including winter

and spring wheat varieties. The experiments for our investigations will

use two different types of spring wheat.

Spatial maps of the differences between the RCP8.5 scenario

(2046–2065) and the present climate (1986–2005) in: a) mean precipi-

tation (mm.day-1) and b) mean surface temperature over India simulated

by the climate model WRF. The dashed lines indicate when the differ-

ences are statistically significant at the 99% level using a t-test. Blue dots

show the placement of the DSSAT simulation sites spread across the IGP.

The areas encompassed by the black and white boxes represent the IGP.

2.2. Regional climate model

The regional Weather Research and Forecasting (WRF) model version

3.7.1 ([44]) has been used to downscale global climate model outputs

over the IGP for this study. Two domains have been set up, one with

45 km� 45 km horizontal resolution, covering large parts of South Asia,

and one with 15 km� 15 km resolution, covering all of India and most of

the Tibetan Plateau. The model was set up with 35 vertical levels, and

spectral nudging was applied for temperature, horizontal winds and

geopotential height in the outermost (45 km resolution) domain. Simu-

lations have been carried out for one present-day (1986–2005) and one

future time period (2041–2060). The future period has been simulated

for a pessimistic scenario in terms of greenhouse gas emissions, the

Representative Concentration Pathway 8.5 [46]. Each time period has

been run in one-year time slices, each re-initialized in December of the

previous year to allow one month of spin-up. An overview of the

parameterization schemes is given in Table A1. Meteorological ini-

tial/boundary conditions and sea-surface temperatures for the WRF

model were taken from a fully coupled global climate simulation using

the National Center for Atmospheric Research (NCAR) Community Earth

A.S. Daloz et al. Journal of Agriculture and Food Research 4 (2021) 100132

2



System Model (CESM1.0.4) [16], as described by Hodnebrog et al. [18].

In this study, we only used one climate model due to the vast computa-

tion resources needed for a multi-model experiment. However, we

compared the outputs of our simulations with multiple datasets: obser-

vations and a multi-model ensemble of regional climate models (Sup-

plemental Material, [32]). This comparison allowed confidence in the

representation of the climate by our model. The outputs from the climate

simulations were then introduced into the crop model to simulate the

impact of climate change on wheat yield.

2.3. Crop model

The Decision Support System for Agrotechnology Transfer (DSSAT)

Crop System Model v 4.7 [19,20] is a modelling system widely used to

simulate growth and development of crops under different management,

climatic and soil conditions. The DSSAT modelling system comprises

several models for various crops, among them three different wheat

models. Here, we have chosen the CROPSIM-CERES-Wheat model for

simulating wheat growth and development. The system can be adapted to

test and evaluate different management strategies and to estimate the

effects of changing environmental conditions due to i.e., climate change.

Previous versions of this wheat model have been applied in the IGP and

thorough calibration and validation showed that the model was suitable

for this region [e.g., 38, 45]. Four different sites have been chosen across

the IGP to represent each of the major wheat growing states (Punjab,

Haryana, Uttar Pradesh and Bihar) using both present and future climate

data from the WRF simulations. The sites are shown in Fig. 1 with the

blue dots. Sites were chosen based on considerations of representing the

climatic conditions and changes for both scenarios, in addition to rep-

resenting typical and realistic soil conditions for crop land across the IGP,

matching land use types and altitudes with the climate model. Although

four single sites can never fully represent the diversity of crop growth in

the IGP, our aim here is to present general and representative crop yields

across the IGP rather than site-specific estimates and have chosen our

experimental setup accordingly. Wheat yields are thus simulated in an

experimental setup designed to specifically investigate the crops’ sensi-

tivity to changes in the climatic conditions and irrigation due to changes

in water availability.

Even though we are using outputs from a high-resolution regional

climate model compared to previous studies, this is still fairly coarse

inputs for a site-specific crop model such as DSSAT. Rather than focusing

on site-specific annual crop yield estimates, the setup is designed to

obtain a robust estimate of average yields representative for each region.

We simulate 19 growing seasons for each climate scenario, and the re-

sults from each time period and scenario are presented as averages of

each 19-year period. We choose to focus on spring wheat, a commonly

grown crop in the IGP during the Rabi season. To account for variations

in sensitivity and development of crop cultivars, each period is simulated

for two wheat cultivars (Triticum aestivum L., var HD-2967 and var HD-

2329). Both cultivars have previously been calibrated and validated

against IGP site measurements in earlier versions of the DSSAT-CERES-

Wheat modelling system to investigate environmental effects such as

precipitation [45] and nitrogen and management effects on crop yields in

the IGP [38]. Here, we apply these cultivars for the same purpose and

thus use the calibrated cultivars to ensure the qualities of the wheat va-

rieties simulated here is realistic for the area and reference climate.

Cultivar calibration is for example used to define properties such as

vernalization requirements, heat required and limits for growth stages.

To ensure the isolation of the effect of climate and irrigation changes on

the crop yields, the experimental setup with respect to management is the

same for both cultivars, at all sites, and is based on the “best practice”

recommendations for growing wheat in the IGP according to the Indian

Directorate of Wheat development [14]. This ensures a realistic, objec-

tive management plan across all sites. For comparability, we assume that

the ‘best practice’ management advice developed for today’s conditions,

are still valid under future conditions. Details of the management plan

are listed in Table A2. In addition to the management plan and all other

environmental conditions, such as CO2 level, soil nutrient levels, and

Fig. 1. Climatic changes between the RCP8.5 scenario and present-day.
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irrigation methods are kept the same across all sites, time periods and

cultivars. All planting occurs in accordance with recommendations on the

15th of November. A modest irrigation plan (for all number of applica-

tions), fertilization and herbicides are applied in accordance with rec-

ommendations throughout the growing season. Harvest is set to

automatically occur at maturity and as such adjusts the length of the

growing season in accordance with the climatic conditions. In accor-

dance with literature and observations across the IGP, the soils are

assumed to be sandy clay loam of alluvial origin, of 2 m depth. The soil

data profiles are from the DSSAT v4.7 soil database. Further details about

the sites and simulation setup are found in Table A2.

3. Results

3.1. Impact of climate change on the environment in the IGP

The projected changes in mean precipitation between the scenario

RCP8.5 and the present climate indicate an increase in precipitation, up

toþ0.7 mmday-1 over most of the IGP (Fig. 1a). Over the southern part of

the IGP, some locations show a decrease in precipitation reaching

�0.4mmday-1. The four sites used in the crop model are in areas where

precipitation is increasing, but not significantly, except for the site in

Punjab. Furthermore, this increase does not mean that precipitation is

increasing for every month of the growing season, the changes in pre-

cipitation may vary depending on the month examined, as shown in

Fig. 2. During the growing season, precipitation is substantially

decreasing in November (�18%) and increasing to a small extent during

the rest of the season (<þ10%). This large decrease happens during the

phase of sowing and germination, a period where the plants need a high

amount of water. This could cause an important stress for the plants.

Histogram of the relative changes in monthly mean precipitation (%)

between the scenario RCP8.5 and the present climate simulated by the

climate model WRF. The results are averaged over the IGP. Positive

(negative) anomalies are in red (blue). The time period of the growing

season is highlighted by a grey square.

A significant increase in mean temperature (up to 2 �C) can be seen

over the entire IGP in the future projections (Fig. 1b), which can repre-

sent an additional stress factor for the plants. Furthermore, Fig. 3 presents

a time series of maximum temperature during the growing season for the

present climate (green) and the RCP8.5 scenario (orange). The different

parts of a typical growing season are indicated along the x-axis as well as

their optimal (dashed lines) and critical (grey lines) range of tempera-

tures. The figure illustrates how the different phases of the growing

season can be affected by warmer temperatures, assuming that the length

of the growing season is remaining the same in the future for illustrative

purposes. This is an approximation as this is not the case in our experi-

ments, which regulate the length of the growing season in response to the

climatic conditions. In our simulations, we find a shortening of the

growing season of about 4 days (ranging from 2.9 to 5.2 depending on

site) in the future RCP8.5 scenario as compared to the present-day time

period. Also, the use of a range of cultivars, coupled with breeding pro-

grams that improve the heat tolerance of wheat [34,40], make it hard to

pinpoint the exact optimal and critical temperature limits above which

wheat yields over a large area such as the IGP are affected, both now and

in the future. As such, these critical periods should be considered as es-

timates. A critical period for wheat development is during and after

flowering as this phase determines the number and the filling of grains

[29]. However, plants are generally sensitive to an increase in ambient

temperatures when it surpasses optimum growing conditions. The period

before flowering, between stem elongation and the booting stage defines

the wheat productivity. During this period, the wheat develops very fast

and therefore needs more resources. The plant could therefore also be

very sensitive to climate change during this period.

Time series of Tmax over the IGP during the growing season

(November–April) for the present climate (green) and the RCP8.5 sce-

nario (orange), as simulated by the regional climate model WRF. The

different stages of the growing season are indicated under the x-axis. The

grey dashed lines indicate the empirical optimal range for the growth of

wheat. The grey lines indicate the empirical critical minimum and

maximum temperature for the growth of wheat.

As shown in Fig. 3, daily maximum temperatures (Tmax) increase

along the growing season for both the present and future climates. Tmax in

the present and future climate are always higher than the optimal range

of temperatures. Furthermore, maximum temperatures in the future

climate are always warmer than in the present climate, being up to 3 �C

warmer for some dates. Crops are very sensitive to these extreme tem-

peratures during the middle of the growing season (before, during and

after flowering), but higher temperatures all along the season also pose

stress that can impact wheat yield. Tmax in the present and future climate

do not reach the lethal temperature for the plants (47 �C) but they get

outside of the critical range at the end of the season. This shows that

plants are already under some stress in the present climate. For the multi-

model median, Tmax starts to exceed the optimal range threshold in

approximately mid of April in present climate (end of harvest) and in

future climate already in the beginning of April (start of harvest). For

individual years, the critical threshold can be exceeded already as early

as mid-March under future climate affecting thus also the ripening stage

of wheat. This is indicated by the shading around the multi-year median

which illustrates temporal variability over the 20 model years. This

means that temperatures in the future climate reach the threshold of

critical temperatures sooner than in the present climate, again repre-

senting a potential stress for the plants.

3.2. Direct impact of climate change on wheat yield

To investigate the effects of future changes in temperature and

Fig. 2. Relative changes in monthly mean precipitation. Fig. 3. Evolution of maximum temperature during the growing season.
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precipitation on wheat yield, simulations have been performed with

DSSAT as described in Section 2. The results from these simulations are

presented in Table 1, which shows the absolute values for mean har-

vested yield (kg ha-1) in the present climate and under the RCP8.5 sce-

nario. The table shows the yield under rainfed conditions (0 irrigations)

and under 3, 5 or 6 irrigations, where the latter is considered as the best

practice regime. The table also indicates the standard error for each site,

giving an indication on the dispersion of wheat productivity for the

different locations. First, looking at the results for the present climate we

see that depending on the site examined, wheat yield shows large vari-

ations. For example, under rainfed conditions, it varies between 2603 kg

ha-1 for Bihar and 3116 kg ha-1 for Punjab. Knowing that these sites have

the same soil conditions, these differences come from the climatic

background. The comparison of rainfed conditions with the next three

columns indicating the number of irrigations per day shows the benefi-

cial impact of irrigation. Going from rainfed conditions to 3 irrigations

increases wheat yield by around þ25 % for all sites. Then going to 5 or 6

irrigations is generally beneficial for wheat yield, but the relative in-

crease is not as high (5 to 10%). This shows that irrigation is critical for

the cultivation of wheat in this region and that limiting irrigation could

have a very important impact on agriculture. This point will be further

examined in the next section of the article.

The right part of the table provides the absolute values and the

relative changes in wheat yield (%) between the scenario RCP8.5 and the

present climate for a specific irrigation regime (6, 5, 3 or 0 irrigations).

All the sites show a decrease in wheat yield under future conditions,

ranging between�1 and�8% depending on the region and the irrigation

regime, however most of them are not statistically significant. The rela-

tive losses increase for higher potential yield, i.e. increased irrigation.

Thus, rainfed crops seem less sensitive to the stress related to climate

change, as the water stress itself causes low crop yields as compared to

irrigated conditions. This is also evident from the transpiration rates,

which decrease in rainfed conditions as compared to the irrigated ones

(not shown). For example, averaged across all sites, the direct impacts of

climate on rainfed yields decreases them by 3% under the RCP 8.5 sce-

nario, and it varies between sites (Table 1). If water availability remains

high under future conditions, the reduction in wheat yield is still limited

to about 5% under the best practice irrigation scheme. In this context, the

next section will add another layer of complexity by including the indi-

rect impact climate change, showing the effect of limited irrigation under

future conditions.

3.3. Combined direct and indirect impacts of climate change on wheat

yield

To investigate one of the indirect impacts of climate change on wheat

yield, the potential effects of limited water resources for irrigation,

sensitivity simulations using a limited number of irrigation applications

were conducted in the present climate and for the scenario RCP8.5. This

way of looking at irrigation is rather idealized as the limitations in irri-

gation could be more adapted to the region, but it still gives interesting

insights into one of the indirect impacts of climate change on agriculture.

The results of these simulations are shown in Table 2. The left part of the

table presents the results for the historical climate and the right part for

the scenario RCP8.5. This table does not include standard deviation as

the results would be the same as Table 1. First, we can examine the in-

dividual impact of limiting irrigation by looking at the results for the

present climate. The left part of Table 2 shows absolute values and

relative changes for mean harvested yield under 6, 5, 3 and 1 irrigations

for the present climate. Going from 6 to 5 irrigations, the decrease in

wheat yield varies from �3 to �7% for all sites. From 6 to 3 irrigations

wheat yield decreases between �3% and �10%. The decrease becomes

dramatic for all sites when irrigation is reduced from 6 to 1, with losses

between �27 to �34%. This time, most of these differences are statisti-

cally significant.

Looking at the combination of direct impacts of climate change and

indirect impacts through limitations in irrigation, the reductions increase

under future climate conditions (i.e. RCP8.5 scenario in Table 2). When

reducing the number of irrigations from 6 to 5, the decrease in wheat

yield varies between �4% and �11%. Further reduction to 3 irrigations

results in higher wheat loss ranging between �12% to �15% depending

on the site examined. Finally, when reducing from 6 to 1 irrigation in

future climate all sites show dramatic losses, which amount to around a

third of the crop yield (29–36%). Compared to reductions in wheat yield

caused only by the direct effect of climate change (Table 1), the estimated

decreases in wheat yields due to both the direct and indirect impacts of

climate change are much higher and often statistically significant.

4. Discussion and conclusion

This article examines how climate change could directly (via changes

in temperature and precipitation) and indirectly (via a decrease in water

availability for irrigation) impact wheat yields in the IGP in the future.

Here, we use a regional climate model and a crop model to look at the

impacts of climate change at four sites spread across four states of the

IGP: Punjab, Haryana, Uttar Pradesh and Bihar. The comparison of the

present climate and future climate using the RCP8.5 scenario shows an

increase in mean temperature (up toþ2 �C) as well as Tmax (up to þ3 �C)

during the different stages of the Rabi season over the IGP. These results

agree with previous work from Wu et al. [47] and Sanjay et al. [39].

During the growing season, temperatures in the present and future

climate are often outside of the optimal conditions for wheat, and even

Table 1

Direct effect of climate change on mean harvested wheat yield. Mean harvested wheat yield (kg ha-1) for the present climate (left) and the RCP8.5 scenario (right)

for four sites over the IGP. Standard errors about the mean for each estimate are given in parentheses. The mean harvested wheat yield is derived for different irrigation

regimes: from rainfed conditions (0 irrigations) to 3, 5 irrigations and best practice (6 irrigations). The right part of the table also includes the relative change (%) in

wheat yield. Changes are derived as the difference between the mean harvested wheat yield for the RCP8.5 scenario and the present climate, for each regime of

irrigation (0, 3, 5 or 6 irrigations).

Sites Average wheat yield (�sme)

Present climate

Average wheat yield (�sme) RCP 8.5 Scenario

Irrigations 0 3 5 6 0 3 5 6

Punjab 3116 (�177) 4226 (�184) 4378 (�223) 4657 (�227) 3101 (�215)

�0.5%

4032 (�184)

�5%

4140 (�216)

�5%

4392 (�216)

�6%

Harayana 2898 (�192) 3937 (�183) 4108 (�219) 4399 (�228) 2824 (�210)

�2%

3745 (�180)

�5%

3913 (�213)

�5%

4097 (�206)

�7%

Uttar Pradesh 2807 (�209) 3521 (�269) 3699 (�156) 3824 (�147) 2756 (�210)

�2%

3361 (�150)

�5%

3556 (�132)

�4%
a

3664 (�122)

�4%

Bihar 2603 (�192) 3234 (�152) 3422 (�141) 3564 (�131) 2397 (�203)

�8%

3143 (�140)

�3%

3402 (�106)

�1%

3521 (�95)

�1%

All sites 2856 (�97) 3730 (�91) 3902 (�98) 4111 (�99) 2769 (�106)

�3.0%

3570 (�86)

�4.3%

3753 (�89)

�3.8%

3919 (�88)

�4.7%

a Bold, italic font indicates statistically significant changes to a 95% level based on a Wilcoxon signed rank sum test.
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exceed the critical range at the end of the season, during harvest. Under

the future warming scenario, this critical threshold is reached sooner

than in the present climate, and in some years, already during the

ripening stage. Increases in mean precipitation in the IGP are mostly not

significant. Interestingly, over a large part of India our simulations show

a significant decrease in precipitation while Chaturvedi et al. [10], using

CMIP5 models, projected an increase in precipitation over the whole of

India. However, they also emphasized the large range of response be-

tween the different models and that higher spatial resolution adds further

details in the spatial distribution of rainfall. Although our projections are

only based on one model, they agree with the projections from other

multi-model ensembles (see Appendix A). Liu et al. [28] also showed that

the use of different climate downscaling methods can have a large impact

on the simulations of the changes in temperature and precipitation and

therefore the assessment of simulated crop growth and soil water bal-

ance. Such a comparison was not possible to include here but it is an

important point for future studies as reliable regional climate projections

and information about water management strategies are crucial for

estimating water availability for irrigation practices as they are a critical

factor for crop yields in the IGP and many other regions in the World.

The climatic changes simulated with regional climate model WRF

produce a general wheat yield loss (Section 3.2) for all sites (Punjab,

Haryana, Uttar Pradesh and Bihar), ranging between �1% and �8%,

when only taking into account the effects of changes in climatic condi-

tions. This decrease in wheat yield agrees with previous work on the

direct impact of climate change over India [23,29,48,50]. However, the

amplitude of the losses is in the range of the results from the multi-model

study of Zhao et al. [50] but lower than Lobell et al. [29] and Kumar et al.

[23]. Relative losses are generally higher for higher crop yield potential

which is reached when using a higher number of irrigations. Indeed,

absolute values of wheat yields are about 30% higher for all sites for

irrigated versus rainfed crops. So, irrigation is important for farmers to

increase their productivity. Reducing irrigation under future climate

conditions dramatically enhances the yield losses to between �4% and

�36% when considering future limitations in water availability for irri-

gation. Furthermore, these questions are unfortunately not restricted to

India, as for example Egypt is facing similar challenges [2] and exploring

potential management strategies [12]. These results raise important

questions in terms of food security but also for adaptation strategies and

the use of irrigation as mitigation strategy, as irrigation will not neces-

sarily be available to compensate for shortage in water or groundwater

depletion due to climate change.

There are limitations related to our modelling experiment. Our

experimental design aims at isolating the effects of climate change and

water availability, specifically for irrigation. We therefore kept man-

agement strategies constant across all sites and time periods and present

all results as 19-year averages. However, one drawback with such a

generic setup is that we cannot address the adverse effects of local cli-

matic extremes that may occur on smaller scales over short time periods,

such as heat extremes, extreme precipitation, droughts and floods. Such

events are expected to increase in in this region in the future [42]. Also,

future developments and adjustments in management strategies

regarding fertilization, herbicides and cultivar choices are to be expected

in response to changing climate conditions and will likely be able to

counteract some of the adverse changes. Furthermore, other environ-

mental conditions could alter crop growth under future climate change.

Conditions that might be particularly important are enhanced CO2 con-

centrations, that might be expected to increase crop productivity through

more efficient photosynthesis [43], whereas increased stress related to

crop pests such as insects, plants, and adverse pathogenic agents [8,27]

and elevated O3 concentrations [51] will likely decrease crop yields.

Elevated O3 and CO2 are particularly interesting due to their interplay

with irrigation. Elevated CO2 increases water use efficiency which could

reduce the irrigation requirement. Whereas O3 damage to plants is often

increased under conditions of irrigation that enhance O3 uptake, which is

higher when plants are not under water-stress [33]. By not including

these factors in our simulations, we may not consider some of the

detrimental effects of the combined effect of stressors. However, this

study has highlighted the potential effects of the combination of direct

and indirect aspects of climate change on crop yields and food security in

the IGP. We encourage more in-depth studies of the combination of

known future stressors to help understand and prepare for future

challenges.
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Table 2

Direct and indirect effects of climate change on wheat yields.Mean harvested wheat yield (kg ha-1) for the present climate (left) and the RCP8.5 scenario (right) for

four sites over the IGP. The mean harvested wheat yield is derived for different irrigation regimes: 6, 5, 3 and 1 for the present climate and 5, 3 and 1 for the RCP8.5

scenario. The relative changes in mean harvested wheat yield as compared to the present day “best practice” scenario with 6 irrigations are also indicated between

parentheses. These changes are derived as the difference between 6 irrigations in the present climate and a lower level of irrigation (5,3 or 1 irrigation) in the present

climate and the RCP8.5 scenario.

Sites Mean wheat yield (kg ha-1)

Present Climate

Mean wheat yield (kg ha-1; %) RCP 8.5 Scenario

Irrigations 6 5 3 1 5 3 1

Punjab 4657 4378

�6%
a

4226

�9%

3243

�30%

4141

�11%

4032

�13%

3053

�34%

Harayana 4400 4108

¡7%

3937

¡10%

2922

¡34%

3914

�11%

3745

¡15%

2835

¡36%

Uttar Pradesh 3824 3699

¡3%

3521

¡8%

2790

¡27%

3556

¡7%

3361

¡12%

2724

¡29%

Bihar 3564 3422

¡4%

3234

¡9%

2583

¡27%

3402

�4%

3143

¡12%

2494

¡30%

All sites 4111 3902

�5%

3730

�9%

1856

�29%

3753

¡9%

3570

¡13%

2776

¡32%

a Bold, italic font indicates statistically significant changes to a 95% level based on a Wilcoxon signed rank sum test.
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Appendix A

a. Additional information on the regional climate simulations

The climate simulations used in this article are using the physical schemes presented in Table A1.

Table A1

Physics schemes used in the WRF model simulations.

Physics option Chosen scheme Reference

Radiation CAM radiation scheme Collins et al. [1]

Microphysics WSM 6-class graupel scheme Hong and Lim [4]

Cumulus Kain–Fritsch Scheme Kain [8]

Boundary layer YSU scheme Hong et al. [5]

Surface layer Revised MM5 Monin-Obukhov scheme Jimenez et al. [7]

Land surface Unified Noah land-surface model Tewari et al. [11]

b. Validation of the regional climate simulations

For the historical climate, two types of simulations were initially run with WRF. One simulation called WRF-GFS used initial/boundary conditions

from the NCEP/NCAR 2.5 � � 2.5 � resolution reanalysis dataset (Kalnay et al. [9]). Another simulation called WRF-CAM used meteorological ini-

tial/boundary conditions and sea-surface temperatures from a fully coupled global climate simulation using the National Center for Atmospheric

Research (NCAR) Community Earth System Model (CESM1.0.4) (Gent et al. [2]), as described in Hodnebrog et al. [6]. This last configuration was also

run for different scenarios.

These simulations are compared in Figure A1 in terms of maximum temperature to other datasets: observations from the Indian Meteorological

Department (IMD) and the multi-model ensemble CORDEX (Coordinated Regional Climate Downscaling Experiment; Giorgi et al. [3]). CORDEX is an

initiative which arose because of growing needs from society for climate information at regional levels. In CORDEX, several regional climate models are

run with initial and boundary conditions from the global models in Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. [10]). We

have used data from CORDEX South Asia.

Fig. A1. Box plots of maximum temperature for the CORDEX multi-model ensemble for the present climate (1986–2005) and the future climate under the RCP8.5

scenario (2041–2060).

In the present climate, the simulations realized with WRF (WRF-CAM and WRF-GFS) are compared with the ensemble of models from CORDEX and

IMD observations. The results from Figure A1 show that WRF-GFS is very close to IMD and in the range of the results of the CORDEX simulations. WRF-

CAM is also in the range of CORDEX simulations but not as close to IMD. This still shows that, in the present climate, both types of WRF simulations are

reasonable and gives us confidence in our setup. In the future climate (scenario RCP8.5), WRF-CAM is compared with CORDEX. Again, WRF-CAM is in

the range of the results of the CORDEX simulations. This shows that the simulations realized with WRF are also reasonable in the future climate and can

be used to assess the impact of climate change on temperature and precipitation over the IGP.

c. Additional information on the crop model

The simulation start date is November 1 for every season, initial conditions include an assumption of previous crop being rice, as a rotation of rice
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and wheat during alternating seasons is common. The generic setup across all seasons and sites includes root weight of 1000 kg/ha, residue N 1%, crop

residue of 2000 kg/ha, incorporation 100% to a depth of 20 cm. More information on the experimental setup and the plan management of the crop

model is presented in Table A2.

Table A2

Experimental setup and plant management.

Cultivar HD-2967 and HD-2329

Planting/harvest date Nov 15, automatic harvest at maturity

Start date November 1

Spacing 250 seeds/m2, 23 cm spacing

Soil Deep Sandy Loam, 2m

Irrigation 0-6 irrigations at 70mm

Fertilizer N 150 kg/ha, P 60 kg/ha, K 40 kg/ha

Herbizide Pendimathalin, 1 application
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